Biological diversity of agriculture consists of several analytic levels and spatial management scales that are subject to complex interactions with global change. The complexity of interactions is related to the bidirectional impacts and influences of global land use and climate change in combination with social-environmental shifts (globalization of agricultural development; market integration; technological change; and regulation through global treaties, policies, and institutions). This article develops a conceptual framework of the complexity of interactions using four thematic nodes-biological diversity in agriculture; global change; management and scale; and social-environmental adaptation, vulnerability, and resilience. It argues for the increased relevance of this framework. Linking expanded scientific research and policy to this group of conceptual nodes yields insight into the impacts of global change on biological diversity in agriculture and into the design of conservation strategies, monitoring approaches, and sustainability policies. Future policy must anticipate interactions of biological diversity, agroecosystem complexity, and global change stemming from the acceleration and integration of region-scale land-use intensification and disintensification. 
INTRODUCTION
Biological diversity in agriculture is subject to complex interactions with global change. This biological diversity is situated at the center of global land-use transitions and varied types of social-environmental globalization ranging from agricultural and labor market integration and technology change to the role of global policies and institutions (1, 2) . It has become a focus of potential responses to projected changes in regional temperature and precipitation regimes amid the anticipated global average warming of land surfaces of 2-3
• C or more this century (3) (4) (5) . Human management is integral to the role of biological diversity in agriculture during these changes. It yields food and other crop and livestock products meeting myriad human economic, social, cultural, and psychological needs. Although an estimated 60% of overall caloric consumption is now furnished through rice, wheat, and maize (6), humans still manage thousands of useful plant and animal food species and varieties in their farm landscapes. Biologically complex and diverse agroecosystems are part of global agricultural land use, covering an estimated 33-38% of the earth's land surface (7) . Both humansocial management for food production (and other agricultural purposing) and overarching land and resource use exert wide-ranging influence on the global change interactions of biological diversity in agriculture. The importance of these increasingly vital interactions has led to increased policy interest, political concern, and growing public awareness.
CONCEPTS AND CHARACTERISTICS
A core set of concepts and defining characteristics are needed in order to begin to address the diverse and often complex relations between the biological diversity of agriculture and the processes and patterns of global change. These concepts include the integral role of human management and spatial scale. They also include an important and rapidly expanding group of concepts focused specifically on biodiversity and ecological dynamics in agriculture per se. The final sets of concepts are ones dealing with global environment changes and with the human-environmental and social-ecological interactions. This article provides a framework for linking these diverse concepts.
Biological Diversity in Agriculture
The concept of biodiversity in agriculture incorporates all plant, animal, and microorganisms existing and interacting in broadly defined cultivated environments. It resembles the concept of uncultivated or wild biodiversity in bridging taxonomic, ecological, and spatial dimensions and, also, serves as a modulator of abiotic and ecosystem processes, rather than either purely a determinant or outcome (8, 9) . The role of human management adds a related yet distinct emphasis in considering biodiversity in agriculture (10) . Analytic levels vary from genetic resources and biotic elements of targeted management (e.g., crop varieties and species) to agroecosystem and landscape-level functions and structures, as described in the following section. The integral role of characteristic spatial scales-ranging from fields and farms to larger areas-is another consequence of human management influencing the biological diversity of agriculture. One component of biological diversity in agriculture is planned, which refers to the plants and animals subject to deliberate incorporation and specific management (e.g., crop varieties and livestock breeds). The other component, referred to as "associated" biological diversity, consists of indirectly managed organisms, including pollinators, weeds, soil organisms, pests, and disease pathogens as well as natural enemies (11) (12) (13) .
Several key concepts are useful for situating biological diversity in agriculture in relation to global change. Genetic resources, which refer to the genetic diversity of domesticated species and their wild relatives, are conceptualized both as inputs to scientific breeding of new modern agricultural varieties and as a presumed foundation of adaptation to global changes (14, 15) . Agrobiodiversity is a concept defined as species and varieties of crops and livestock and their wild relatives, including weeds and interacting biota, modified through the ongoing process of farmer-based domestication and adaptation (16, 17) . Agrodiversity refers to management by farmers and land users of the environmental variation-both spatial and temporal-of their agriculture and land use, involving biotic as well as abiotic resources (e.g., water and irrigation management) (18) (19) (20) . Agroecology is an approach focused on the interactions and functioning of biological, environmental, and management factors and deals with topics such as pest management, intercropping (simultaneous production of two or more crops), agroforestry, and environmental change (11) . The concept of agroecosystem refers to the spatially bounded complex of agroecological functions and structures, including responses to change (13, 21, 22) . Genetic resources, agrobiodiversity, and agrodiversity concepts tend to emphasize the planned subcomponent of biological diversity in agriculture. Emphasis on the associated component is characteristic of the agroecology and agroecosystem concepts. Domestication, which is "accelerated and human-induced evolution," pertains to the planned subcomponent when directed at individual organisms and progeny, including tree domesticates (23, p. 102; see also 24, 25) . Domestication is also applied to agroecosystems and landscapes, such as domesticated forests (26) , and thus the associated subcomponent of biological diversity in agriculture. Recently scientific research utilizing the above concepts has expanded prodigiously in major topical subfields (Figure 1 , see color insert), as has development of these concepts in policy and applied projects and programs.
Global Change
Global change refers to interactions of the earth's biogeophysical systems with human activities (27) . Primary interactions of the biological diversity of agriculture are linked to certain global factors and processes involving land-use, climate, water, and nutrient changes (28) . Land-use conversion aggregated to large areas also is a form of global change directly relevant to agriculture (1, 29 along the continua of global agricultural systems is worth noting prior to the main sections below. Agriculture with lesser biological diversity, even single-species monocultures, may possibly be resilient owing to high-level resource capabilities among these producers, while the expansion of monocultural production technologies can exert substantial negative impacts on global change through deforestation and the misuse of fertilizers and other agrochemicals. By contrast, agroecosystems with higher levels of biological diversity are potentially more resilient, whereas actual adaptive capacity in such production is often limited because of vulnerability-related limitations, such as poverty and limited resource access.
Global change relevant to biological diversity in agriculture is a function also of broadly defined social-environmental globalization. It is propelled through such drivers as global agricultural trade agreements aimed at the integration of production and commodity chains; technology transfer and diffusion; and global sustainability conservation strategies, accords, and institutions. These sorts of global socialenvironmental change are often related directly in development policies, livelihood issues, and food security and nutrition concerns. Globally widespread case studies are incorporated in this article's analysis to reflect the worldwide scope of the distributions and dynamics controlling biological diversity in agriculture (Figure 2) . These examples cover the spectrum of agricultural resource endowments and technology ranging from high-input/intensity systems to low-input/intensity systems. Intensity and intensification, which are estimated as the level and changing rate of inputs per unit area, are pivotal concepts vitally important to understanding influential trajectories related to biological diversity and ecological processes in agriculture (30, 31) . The impacts of immediate interactions of the biological diversity of agriculture with agricultural intensificationfeedbacks in a sense-are guided through such social-environmental capacities and conditions as adaptation, coping, resilience, and vulnerability.
This article identifies the role of interconnections among four groups of concepts: analytic levels of biological diversity in agriculture; farm and land-use management and scale; global change factors and processes; and social-environmental adaptations, mitigation, resilience, and vulnerability (Figure 3) . Significant focus of research and policy has tended to cluster at each individual node and among certain couplings. Recent scientific research and policy making on the biological diversity of agriculture suggest growing interest in interaction effects across the four conceptual nodes (Figure 3) . This article formulates the full framework of these nodes to evaluate research and policy, with special reference to global change impacts, sustainability, and conservation design and monitoring involving biological diversity in agriculture. The conclusion below specifies the pressing need for future policies to anticipate interactions of the biological diversity of agroecosystems and the processes and patterns of global change. It highlights the increased impacts and influence of land-use intensification, disintensification, and the increased integration of these contrasting transitions.
BIODIVERSITY IN AGRICULTURE: ANALYTIC LEVELS
Several levels of analysis are needed to describe the biodiversity of agriculture and must serve as a foundation for understanding its relation to global change. Some levels-such as genetic, variety/breed, and species-are based on molecular, agronomic, and taxonomic criteria, as described below. These levels are necessary to describe the scope and magnitude of biological diversity and adaptive capacity in agriculture. Such descriptions need to be situated along the spectrum of farm types and in the context of global change that governs agricultural transitions. Other levels are based on system-type distinctions (agroecosystem, landscape, region, national, international, and global) that are not explicitly spatial, whereas the section Agroecosystem, Landscape, and Conceptual framework of the interactions of biological diversity in agriculture with global change.
Higher-Order Levels deals with specific spatial scales.
Variety, Species, and Genetic Resources
Biodiversity in agriculture is distinguished in multiple ways, for example, by genetics, variety or breed, species, agroecosystem, and landscape. Regional, national, continental, and global levels are also commonly used. Farmer crop varieties, and correspondingly local animal breeds, comprise the level most often directly targeted in specific farmer and land-user practices and thus the planned management of biological diversity in agriculture. These practices include scientific production and distribution of modern varieties and breeds. Also encompassed are the biologically and genetically diverse types known as landraces, farmer varieties, and local breeds, which are managed in farmers' own breeding selection and dissemination. The latter types are maintained in farmer land use and seed practices. They are also referred to as primitive, ancestral, or folk types (17, 32, 33) . Crop landraces are composed of the seed lots of multiple farmers (34) (35) (36) . Evolution and ecology of farmer varieties, landraces, and local breeds draw on multidimensional influences, ranging from local skills, nomenclature, and nonmarket values to embedded social relations and cultural knowledge (37) (38) (39) (40) (41) . Landraces, farmer varieties, and local breeds are still produced in many agroecosystems worldwide, notwithstanding their significant reduction and loss-described in this article's penultimate section. Most producers are small-scale farmers and land users, or smallholders, whose cultivated land is estimated to comprise between one-third and one-half of global agricultural area (19, 32, 39, (42) (43) (44) . Units designated at this taxonomic level are the mainstays of in situ conservation strategies as well as the chief targets for storage in ex situ conservation-also described below in the penultimate section. Ecological and biogeographic characteristics influence the adaptive capacity of individual taxa at this level in response to global environmental change factors, primarily climate characteristics and soil quality. Farmers' management of biological diversity in these varieties and landraces exerts either stabilizing selection pressure as reinforcement of genetic cohesiveness or directional pressure and evolutionary innovation, such as purposeful hybridization and generation of new types (45) .
The biological diversity of agriculture at the species level consists of both planned and unplanned components. Species are subject to a high level of planned management in scientific breeding and in the continua of monocultures and multispecies agriculture (11, 13, 40, 46) . Recognition and management of species diversity is integral to intercropping (also referred to as mixed-cropping or multispecies agriculture), agroforestry, and agropastoral systems of land use. For example, the species level is a cornerstone of estimating the biological diversity of useful plants of home garden agriculture and agroforests, especially in tropical and subtropical regions, where multiple woody, perennial, and herbaceous taxa, along with livestock, are combined in the managed area (44, (47) (48) (49) (50) . Diverse agroecosystems commonly show high levels of species richness per unit of cultivated area. The species level is also central to estimating the biological diversity of insects, weeds, and soil organisms in agroecosystems. Assessing this diversity requires distinguishing functional species groups and guild ranks within biotic communities (12, 51, 52) . Phylogenetic diversity is useful in ascertaining species-rich complexes vital to agriculture, such as soil microorganisms and insects. Not least, food and nutrition analysis corresponds often to the species level, where, for example, as many as 7,000 plant species are recognized globally as providing food sources (6) .
The genetic level-detected variously as base pair sequences, molecular fragments in DNA, and allelic constituents-also shows the management of both planned and associated components. A large majority of the planned component consists of actively produced landraces, farmer varieties, and local breeds, whereas the associated component includes the related wild crop relatives (WCRs) and livestock. Genetic diversity is extensive and significantly more varied, both in extent and population structure, than the characteristics initially imputed to these taxa (33, (53) (54) (55) (56) (57) (58) (59) (60) (61) . It also varies from well-defined populations to metapopulations of relatively open systems of gene flow. Important genetic exchange via introgression and hybridization occurs between the domesticated taxa and the undomesticated yet closely related wild and weedy types (62, 63) . Many potentially useful agricultural adaptations to global change rely on these varied sources of genetic diversity on farm and through the germplasm collections, broad-based lines, and stocks created and utilized in scientific breeding.
Spatial patterning and structures of gene flow reveal a higher level of genetic similarity among many populations of landraces, farmer varieties, and local breeds than was previously understood (33, 53, 55, (57) (58) (59) (60) . Recent studies of the distribution of genetic variation in existing agricultural landscapes--scaled across such units as fields, communities, and villages, as detailed in the next section-rely on the upsurge and accessibility of molecular techniques, especially simple-sequence repeat and polymerase chain reaction methods.
WCR: wild crop relatives
Viewed broadly, the adaptive capacity, conferred through the biological diversity of crops and livestock, is a function of gene flow and genetic structuring within the combined taxonomic complexes of both domesticates and related wild types co-occurring in complex agroecosystems (14, 64) . Focus on gene flow and genetic variation-within and among domesticated types and wild or weedy populations-is designed also to address transgenic introductions and the risks of transgene diffusion (65) (66) (67) . (The Cartagena Biosafety Protocol with its transgenic regulatory platform is discussed below as global social-environmental policy.) "Genetic erosion" (or the reduction of agrobiodiversity through losses, extirpation, and extinctions) affects genetic-level variation as well as taxonomic levels of landraces, varieties, breeds, and domesticated species (34, 39, 68) .
Agroecosystem, Landscape, and Higher-Order Levels
The agroecosystem is the composite structure and functioning of biotic and abiotic components-similar to a habitat conceptand is typically scaled spatially to the field or farm (see the next section below). Complex agroecosystems provide efficient nutrient cycling and water use in contrast to the extensive environmentally negative spatial externalities of monocultures and other low-complexity agriculture. Agroecosystem functions, by definition, are centered on food and other crop and livestock production. They also encompass nutrient cycling; trophic interactions (such as insect or parasitoid herbivory, predation on crops and livestock, and effects of predator enemies); and modification of local microclimates, soil nutrients, soil-water relations, and hydrologic processes (11, 13) .
Biological diversity plays myriad important roles, exerting both positive and negative effects on crop and livestock production, in the structure and functioning of agroecosystems. For example, species-level diversity in crop rotation has shown the potential for rotational "over yields" of greater than 100% of mean, resulting www.annualreviews.org • Agrobiodiversity and Global ChangeGIS: geographic information system from the interactions with soil nutrient management of varied crop species in rotation (69) . The diversity of functional groups or guilds of species and possibly of other taxonomic levels in agroecosystems, rather than individual species per se, is the regulator of vital processes, involving not only crops and livestock types but also species-rich assemblages of insect, weed, soil biota, and microorganisms (51, 52) . Functional diversity of complex agroecosystems is generally predicted to furnish services that enhance yield stability, reduce risk of yield loss, and improve sustainability (9, 12, 13, 21 ). The agroecosystem level is useful also for identifying and integrating predicted plant and animal physiological responses and other impacts of global climate change (22, 70) .
The landscape and regional levels are also key units of analysis for biological diversity in agroecosystems (12) . These levels correspond spatially to the patterning and ecogeographic distributions of single diverse species and varieties (and genetic constituents) (45, 61, 71, 72) . Landscape-level analysis is essential to understanding agricultural intensification practices and pathways amid global-scale change of such factors as climate, land use, and biogeochemical cycles as well as policy and management (16, 29, 31, (73) (74) (75) . This level highlights the occurrence of biological diversity in agriculture in the context of landscape mosaics and bioregions of mixtures of agriculture and other land use. It tends to be utilized as an analytic level in these treatments (rather than a scale per se) owing to pregiven spatial definitions. Landscape ecological concepts, such as patch-matrix interactions, can be applied to the interactions within and among cultivated patches and nonagricultural landscape matrices (76, 77) , such as WCRcontaining woodland matrices interacting with cultivated patches of biodiversity in irrigated agriculture (78) . Landscape-and region-level analysis is particularly important because landuse change is often distinctive at this level (29) . Region-level framing is also applied to biodiversity in agriculture occurring across urban, suburban, and rural land use. Finally, it enables analysis of crop yield variation arising from interactions of the spatial patterning of biological diversity and climate fluctuation-particularly rainfall shocks that resemble probable global change impacts (79) .
The national, international, and global levels are the focus of institutions responsible for utilizing and conserving the aforementioned forms of biological diversity in agriculture and, increasingly, evaluating information at this level in relation to global change processes and projections. National-level analysis using a geographic information system (GIS) approach, for example, has shown the high level of variation among and within Mexican maize races for climate adaptation (80) . Multicountry and international analysis using GIS has been applied to WCR potatoes in the Andean countries, showing the distributions and areal patterning of taxa and ploidy types, illustrating the sample bias of gene bank collections, and predicting the geographic occurrence of traits for breeding, such as frost tolerance (81, 82) . International-and global-level analyses also illustrate the worldwide concentration of biological diversity in tropical and subtropical regions, especially those of mountainous areas, foothills, and surrounding lowlands. These global "centers of diversity," described initially by Vavilov (83, see also 177) and located between 20
• and 45
• latitude north and south, are a consequence of environmental variation, prolonged agricultural history, diversity of human management (broadly defined), and genetic interaction with wild types (19, 33, 39, 83) .
MANAGEMENT AND SOCIAL-ENVIRONMENTAL SCALING
Multiple geographic scales are central to explaining the relations of the biological diversity of agriculture to the processes and patterns of global change. These scales arise from the interactions of human activities and social organization, on the one hand, and ecological and environmental processes, on the other hand. Different geographic scales tend to be distinguished by distinct combinations of social units and environmental characteristics. Differing management activities also distinguish each scale. Although biological diversity in agriculture appears to display a straightforward nested hierarchy of geographic scales, there are also numerous crosscutting interactions.
Field and Farm
The scale of the field (and analogous areas of animal tending) is usually the primary site of production and thus of planned management of the biological diversity of varieties, breeds, and species of domesticated plants and animals. Actual scaling of the field is produced through social-environmental interactions involving farm households, habitats, economic resources, and cultural knowledge. Areas and management vary widely. Multiple varieties, local breeds, and useful species may be managed in conventional spaces of field cropping for rationales ranging from strictly utilitarian purposes to social and cultural values invisible to markets (37) . The latter usages often support agrobiodiversity-enhancing subsistence rationales, providing a hedge against production risks-the so-called portfolio effect (73)-and a possible unrecognized latent or serependic benefit (12) . This planning includes both management per se of the useful biota and certain productive components, such as soil and pest management, as well as a high level of cultural and social significance influencing the use of the field. The relative discreteness of field management-most fields create a production space distinct from surrounding uncultivated areas-is well suited to examining hypothesized relations of the planned and associated components of biological diversity in agroecosystems (13) as well as other spatial ecological models and studies of evolutionary dynamics under human selection (36, 45, 84) . Management choice and other decision-making models are central to predicting the biological diversity of varieties (and landraces) at this scale (84, 85) . Spatial modeling has used the twin field-level parameters of production potential (e.g., irrigation) and infrastructure availability (e.g., seed programs) to delimit a four-zone mosaic hypothesized to predict within-field biodiversity at the level of varieties or landraces (84, 86, 87) . Also, for example, area and frequency properties correspond to management of the biological diversity of useful plant species in home gardens as a distinct type of field space (24, (47) (48) (49) . Broader analogs of fields, such as swidden-fallow agroforests, also show intensive management of planned components, including trees for timber production (44) .
The individual farm, often managed through a broadly defined household, is an important scale determining the biological diversity of agriculture (85, 88) . Agrobiodiversity-and agroecosystem-related management decisions of the farm household scale up across multiple fields and interconnected management spaces (pasture, woodland, garden). Farm-level portfolios and economic activities incorporate such livelihood strategies as labor migration that shape household decisions about the on-farm extent and number of varieties, breeds, and species (89) . Relations to this diversity can be estimated in economic models of the revealed and stated preferences of farm households (85) . Variety availability/choice and demand/desirability factors also operate in household decision making in determining farm-level biological diversity of agriculture. Additional multifactorial models have been developed for biological diversity at both the crop variety and species levels. They illustrate the importance of resource portfolios (access to land, labor, seed) in addition to the role of diverse management rationales at the scale of the household and its collection of fields (market and nonmarket values, consumption demand, yield enhancement, risk reduction, and knowledge-based cultural and aesthetic modes of management) (37, 39-41, 46, 90) . Farm management determines the properties of local variety richness and evenness, which can be aggregated to the community scale and serve as cornerstones of global estimates (91) . Although on-farm models and frameworks are applied primarily to the planned biological diversity of crops and livestock, this scale of www.annualreviews.org • Agrobiodiversity and Global Changemanagement is similarly central to associated biotic and abiotic components, such as soils, organisms, insects, weeds, and wildlife, as well as to the interaction effects of livestock and crops (18, 54, 56, 92) .
Community, Multicommunity, and Large-Area Scales
Community-scale practices, such as coordinated crop rotation, fallow, and nutrient flows between fields and uncultivated vegetation of community lands, are central to many agroecosystem functions (12) . Agroecosystem functioning at the community scale is incorporated into larger multicommunity, landscape, or village-level areas (44) . Procurement and exchange of seed offer a valuable illustration of multicommunity and region-wide scaling of biological diversity in agriculture (36, (93) (94) (95) (96) . Whether genetic variation is differentiated at this scale depends on the distance effects in seed exchange. For instance, region-scale and multicommunity differentiation of genetic variation and varietal diversity are present in the farmer varieties of maize in Mexico and Guatemala and in the analogous units of potatoes in Peru (45, 55, 61, 72) . Alternatively, these spatial-distance effects may be minor and thus result in geographically widespread genetic similarity (57) . Nonlocal seed procurement and exchange appear to be relatively common as key spatial flows structuring the biological diversity of various crops and livestock and, potentially, offering an important source of adaptive traits in response to environmental change.
Scaling is evident in national, international, and global management, primarily through the aggregation of effects of lower scales, discussed above. Still the increasing number and scope of national institutions and other organizations have supported programs incorporating biological diversity in agriculture, even though the programs were aimed primarily at such goals as food security and local production, organic farming, and soil conservation (85) . The growth and consolidation of multifunctional policies in European agriculture, for example, offer the examples of national and international management that can reasonably be expected to have region-wide impacts. Other effects of management scale may be less uniform, notwithstanding national-level sanctioning. For example, the national projects conserving varietal and species diversity in the agroecosystems of Andean crops-widespread in Peru, Bolivia, and Ecuador-tend show strong subnational or regional spatial concentrations.
GLOBAL CHANGE FACTORS AND PROCESSES
Biological diversity of agriculture is tied closely, albeit in varied ways, to global environmental changes. Differing trajectories of global land-use change combine with the modification of climate and water factors to create extensive interactions at the level of agroecosystems. Soils and nutrients are also important factors in the global change interactions of agroecosystems. Agroecosystem-level analysis provides insights into approaches to human-social mitigation and adaptive capacity in response to global environmental changes, such as agroforestry and high-agrobiodiversity farming. Such changes are concentrated in global agrobiodiversity hot spots, described below, that are vitally important to world food supply at present and in the future.
Land Use, Climate, and Water
Biological diversity of agriculture is impacted significantly through multidimensional global changes of land use and land cover. Prevailing transitions toward more intensive production in agricultural areas worldwide are often based on new or expanded adoption of modern varieties and oftentimes monoculture (19, 30, 39) . This land-use change has significantly reduced crop and livestock diversity. It leads also to other agroecosystem simplifications, such as reduced soil and aboveground biomass and organic matter; lower levels of insect, soil, and faunal biodiversity; soil erosion; and restricted nutrient cycling, as well as to increased release of carbon dioxide (CO 2 ), nitrogen, and phosphorous (30, 31, 97, 98) . Second is the consequence of converting previously uncultivated ecosystems, principally tropical and subtropical forests and grasslands (1, 7) . This typically results in low-biodiversity agriculture-from extensive livestock raising to the immense agrochemical-dependent soybean boom in South America-and has become a chief topic of approaches such as global landuse cover change (LUCC) and land-cover science (LCS) (29, 99) . At the same time, projected impacts of global climate change underscore a growing importance of other environments, such as marginal habitats in arid and semiarid regions (3), where noticeable impacts are predicted to affect biological diversity in existing agroecosystems. Third, accelerated disintensification, including reduction of swidden and increased forest cover, shows signs of reducing biological diversity in agriculture (50) and raises the important issues of agroecosystem quality and landscape functioning in secondary forest transitions (77) . Land-use expansion and intensification, as well as disintensification, are propelled through the milieu of global socioeconomic, technological, demographic, and policy factors, particularly by global market integration (as discussed in the section below on globalization and development).
Climate is a predominant element among global change factors projected to impact significantly on biological diversity in agriculture. Although few studies have focused specifically on global climate change in relation to biological diversity in small-scale agricultural management, general impact processes are increasingly well-known (3, 83, 100) . Intensified drought in tropical and subtropical areas, growing season extension, and prevalence of extreme climate events (floods, windstorms) are the principal projected and recorded abiotic effects of global climate change. Adaptation to these effects is forecast to require the accelerated use of genetic resources in breeding new modern varieties of plant and animal domesticates (4, 101, 102) . Especially important then is the impact on farmer varieties and local breeds in LUCC: land-use cover change LCS: land-cover science globally concentrated areas of biological diversity in agriculture, particularly in tropical and subtropical environments, as well as in certain temperate regions (45) . Many of these global concentrations are likely to be exposed to significant environmental changes. Climatic destabilization and shifts in temperature, precipitation, soil water regimes, pests, weeds, or diseases could undermine the feasibility and production of agroecosystems and constituent useful biota containing globally important genetic resources (14, 83, 101) . Spatial overlap of the world's agrobiodiversity concentrations with pronounced threats owing to climate changesas well as land-use pressures-indicates the importance of building new understandings of the dynamics and delineation of geographic areas of global agrobiodiversity hot spots.
Changing characteristics of agroecological zones, each corresponding to mixtures of planned and associated elements, are useful approximations of the spatial dimension of climatic shifts (103) . For example, locally concentrated biological diversity of various crops, livestock, and agroecosystems is expanding upslope in the tropical Andes. This climate change, together with the elevation shift and intersecting topographic effects, is resulting in increased demands for irrigation and production of the biological diversity of Andean maize landraces. Concurrently, shrinking farm habitat availability is besetting agroecosystems of Andean potato species, landraces, and high levels of associated biological diversity. Although scientific breeding of a next generation of modern varieties is forecast to lessen the risk of global yield losses in the major cereal crops (101, 104) , prospects and impacts are significantly less known and potentially more negative for globally important root and tuber crops, such as potato, cassava, yam, and sweet potato. WCR and wild livestock relatives also are faced with global spatial-environmental shifts of suitable habitats that could undermine these important undomesticated populations (105) .
Adaptability and limits likely to impinge on zonal shifts of farmer varieties and local breeds can be surmised through the relation of current www.annualreviews.org • Agrobiodiversity and Global Changeelevation-related climatic variation to existing distribution, genetic variation, and adaptation (45, 55, 72) . These studies also include crosselevation common garden experiments assessing yield, seed production, and other ecological fitness indicators (61, 106) . Substantial adaptive capacity, albeit unevenly distributed among taxa, is demonstrated in the maize crop in Mexico and Central America as well as Andean potatoes in Peru. Global climate change also is leading to new dynamics and spatial patterns of pest, disease, and insect problems in agroecosystems, such as the increased likelihood of fungal outbreaks (104, 107, 108) . Complex agroecosystems based on higher levels of biological diversity are predicted to provide crop protection and stabilize production (11, 13) . Enhanced levels of organic matter in these agroecosystem types, such as organic agriculture and agroforestry, generally emit less CO 2 and methane and thus mitigate global climate change (31, 109) . Similarly, the techniques used in these agroecosystems, such as crop rotation and cover crops, reduce emission of nitrous oxide (N 2 O) (98) .
Changes in water resources are a projected consequence of both global climate shifts (increased evapotranspiration rates, regionally reduced rainfall, and lessened water supply from shrinking mountain glaciers) and the effects of social-environmental globalization (increased water for agricultural, urban, and industrial demands worldwide) (3, 4, 83, 86, 110) . Such combined social-environmental changes, which are spatially uneven among geographic regions, result in water shortages for agriculture in many areas. Agricultural impacts include direct loss of crop and livestock production stemming from water deficits. Biological diversity of farmer varieties, local breeds, and other agroecosystem components are subject to declines of water availability below needed limits (111) . At the same time, many of these resources are vital in potential adjustments to increased watersaving and intensified management, such as water harvesting and diversified irrigation (112, 113) . The biological diversity of agriculture is basic to cultivation of crops with greater water-use efficiency (31) . Emphasis on the latter is likely more important to agricultural adaptation than breeding responses to increased temperature or CO 2 concentration per se (104) . Potential adaptive capacity stems from a variation of traits, such as maturation period in existing species and variety diversity (78, 104, 114) . Such adaptive capacity depends also on innovative water-management techniques, locally appropriate technologies, and institutions and infrastructure that build upon existing agroecological variation and use of biological diversity in agriculture. Water-related risks in global change also include increased flooding and rainfall intensity. Responses include adaptive land use based on coordinating high-agrodiversity cropping at the community scale (92) and, in some cases, aggregated to landscape and regional levels (79).
Agroecosystems, Soils, and Nutrients
Scenarios of global climate change project significant alterations of the geographic distribution, spatial patterning, extent, and agroecosystem impact of field weeds, insect pests, and plant pathogens (3, 4, 5, 107, 108) . In certain agroecosystems, such modifications will worsen the yield-reducing effects of increased temperature and lengthened growing seasons, especially where these trends combine with increased precipitation (14, 104) . Beneficial components of biodiversity in agriculture also may become impacted as a result of global climate change. For example, mycorrhizal fungi, many of which deliver important nutrient cycling to agroecosystems, are likely to be impacted negatively. Adaptive responses to yield-reducing dynamics of altered agroecosystems are certain to rely on scientific breeding and use of genetic resources in the biological diversity of farmer varieties and local livestock types (4, 5) . Adaptive responses also include the design and management of complex agroecosystems with ample biological diversity, such as guild-level variation of beneficial insect populations, to mitigate yield reduction (11) .
Strong multidirectional interactions of soil environments are vitally important to biological diversity in agriculture in the contexts of global land use and climate changes. A majority of global land-use changes, associated with agricultural intensification, lead to degradation in the forms of soil erosion, compaction, reduced organic matter, and biotic simplification. By contrast, these sorts of soil changes are typically lessened in agriculture resembling natural systems, including agroecosystems with greater biological diversity (103) . Global climate change is projected to decrease soil water availability, which will exert agroecosystem impacts on such components as soil hydrology and organic matter. Both impacts will vary noticeably among world regions. For example, climate change in the subtropics is likely to dry soils and accelerate organic matter decomposition, with impacts that could lead to soil crusting, particularly of sandy soils. Impacts are highly probable on the biological diversity of soil organismsincluding the vast variety of soil micro-and mesofauna, algae, lichens, protozoa, fungi, bacteria, viruses, and macrofauna, as well as vertebrates such as lizards and rodents-many of which are sensitive indicators of climate and land-use changes. Climate change also is likely to worsen the rates and increase the spatial extent of soil erosion in certain regions as a result of extreme rainfall, soil drying, and reduced vegetative cover (115) . Soil erosion undermines the productive capacity and functioning of biological diversity in agriculture, ranging from farmer crop varieties to vegetation, soil, and insect biota (116) . Soil resilience is anticipated to increase elsewhere, mainly in midlatitude regions (117) .
Agroforestry and soil conservation approaches relying on biodiversity can aid in adapting agriculture to more erosion-prone conditions of climate and vegetation. Conversely, biological diversity in agriculture is an important source of CO 2 sequestration and thus influences the mitigation of global climate change. Soils with higher biological diversity (including the food web structures and community function of soil biota) store greater biomass and hence organic carbon, which tend toward higher levels of water retention, nutrient cycling, and carbon sequestration than under conventionally managed agroecosystems (118) . No-till management, which increases carbon sequestration (116) , results in increased soil organic matter and agroecosystems generally more favorable to biological diversity. Higher levels of soil organic matter are also more favorable, in general, to yield increases of farmer varieties and landraces, and thus create important conditions for production at this level.
The global change impacts of significantly altered biogeochemical cycles (28, 31, 97) also bear bidirectional relations to biological diversity in agriculture. Ecological consequences of massive global leaching and atmospheric release of nitrogen are linked to modern agriculture, fossil fuel combustion, and other human activities. Excess nitrogen is presumed to impact negatively on the complexity of biological diversity in agroecosystems similar to disruptive influences on other ecosystems. Mitigating and adapting to anthropogenic nitrogen loading highlight the important role of biological diversity in agriculture needed for cultivation of crops with high nutrient-use efficiencies (31, 98, 119) . More fundamentally, the increasingly well-studied functioning of biological diversity in land use, evidenced in expanding agroforestry (2, 24) , can result in the reduced leaching of nitrates and phosphorous (13, p. 7; 98, p. 113). Efficient use and cycling of nitrogen and phosphorous in agroecosystems is fundamental to addressing these global environmental problems (31, p. 673).
SOCIAL-ENVIRONMENTAL INTERACTIONS
Various social-environmental interactions govern the influence of global change factors that were discussed in the pair of preceding sections. A host of specific interactions are influential and must be seen as creating complex couplings in the current use and future fate of the biological diversity of agriculture when viewed in the context of global change.
These particular social-environmental interactions include processes of economic development, market integration, social and cultural change, land-use change pathways (intensification and disintensification), technology change, and the role of global policies and institutions. Several paramount change-producing interactions involving biological diversity in agriculture are conditioned through globalization processes, with several influential changes also taking shape via political and economic policies associated with neoliberalism.
Adaptive Capacity
Adaptation and mitigation are responses on a continuum of social-environmental adjustments to global change (102, 112) . Adaptation refers to adjustments to both environmental and broadly social changes; adaptability is having secure access to this capacity (15) . Mitigation refers to adjustment involving the purposeful lessening of detrimental change (4). Although both adaptation and mitigation may rely on biological diversity in agriculture, the latter's role is highly varied in its particulars. Its principal contributions to global change responses are usually conceived as scientific production of crop and livestock types and developing land-use systems suited to changing environments (101, 102) . Still the mechanisms for these contributions are wide ranging, and the potential for contributing to adaptation and mitigation must also be seen more broadly in the context of existing social-environmental capabilities. Capacities of individual land users as well as social groups and governance institutions, such as communities, resource-user aggregations, farmer federations, national governments, and nongovernmental organizations (NGOs), exert strong influences on the adaptive use, whether existing or potential, of biological diversity in agriculture and land use. Adaptive capacity in this context is conditioned through such social-environmental processes as vulnerability, resilience, stressors, sensitivity, exposure, buffering, coping, thresholds, and justice (114, (120) (121) (122) (123) (124) (125) .
While modern varieties, technologies, and planting techniques adjust to altered planting dates and phenological shifts stemming from global climate change in midlatitude locations of advanced industrial agriculture (5, 102, 109) , there are less documented yet extensive responses among poorer farmers in many other agricultural regions worldwide. The latter groups of land users and their communities are actively altering their use of biological diversity in such activities as crop and livestock production, processing, storage, and consumption activities. Many inhabitants of tropical and subtropical regions of developing countries tend to be the most exposed and vulnerable to the combined social-environmental dynamics of global change (4, 5, 100, 102, 121, 123, 124, 126, 127) . They include large numbers of indigenous people, peasant smallholders, and ethnic and racial minorities. Their adaptive capacities depend on resource endowments-the portfolio effects mentioned above-and resilience properties, including their social relations and practices, cultural knowledge, skills, and institutions in the management and biological diversity of their agroecosystems. Such responses might include new types and mixtures of farmer varieties, local breeds, and useful species within production repertoires, including intercropping (multispecies) and crop rotation (41, 128, 129) . Agroecological functions, such as effects of soil biota, potentially enable their farm habitats to contain higher levels of biological diversity to better withstand the effects of reduced rainfall and increased drought stress (116) . Biological diversity of agriculture and vulnerability of land users are anticipated to play influential roles in the expansion of small and medium-scale irrigation and water resource management, such as water harvesting and other innovations being developed in response to global climate change (78, 112) .
Globalization and Development
Social-environmental adaptation and mitigation occur amid global integration (globalization) of broadly social factors-including economic, political, cultural, technological, and policy changes-interacting with biological diversity in agriculture and the effects of climate and land use in global change. The directionality of impacts is primarily negative, though not entirely, in interactions of globalization with the biological diversity of agriculture (130) . Global integration of agricultural markets for staple foods, for example, has tended to undermine the widespread cultivation of farmer varieties of such foodstuffs as wheat, rice, and maize in more marginal growing environments. This market integration has been guided chiefly through neoliberal policy approaches, such as North American Free Trade Agreement agricultural and environmental arrangements (130, 131) . It has disadvantaged the production of staple foods in numerous regions of complex agroecosystems, especially those in marginal rural environments. More widespread is the deterioration of biological diversity in agroecosystems as a direct result of expanded emphases on modernized export agriculture (132) .
Still globalization is known to induce a variety of spatially and socially differentiated impacts, including unintended consequences, resulting in significant capacity for continued biological diversity of agriculture at the scales of farm households, communities, and regions (19, 41, 85) . Market integration also can favor the popularity of biologically diverse "creolized" crop varieties-derived from mixtures of modern varieties and local landraces-and potentially analogous livestock breeds (133) . Still the biodiversity contained in creole maize landraces, for example, appears less than traditional counterparts in a recent study in southern Mexico (34) . Globalization may result in the somewhat ironic twist of stimulating preferences for locally traditional dietary items, reinforcing biological diversity in agriculture (134) , even while this parameter is impacted predominantly negatively in the general interaction with food consumption trends at a global scale (6) . Primarily positive impacts, by contrast, are presumed to result from globalization in the form of expanding movements supporting local foods, organic agriculture, fair trade, and multifunctional agriculture conducive to biological diversity in agriculture (135, 136) . Overall, the effects of aforementioned global changes are still relatively unknown in relation to biological diversity in agriculture, especially in the multitudinous processes associated with agricultural development and policy (16, 49, 89) .
Agricultural Intensification, Disintensification, and Food Security
Agricultural intensification is a predominant form of global land-use change, both during the past century and currently (19, 30, 31, 137) , encompassing combined social, environmental, and economic dynamics (defined above). Intensification via land use and agroecosystem transformations is propelled through market integration and policy effects on farm production (including neoliberal policies, see Reference 131), food security concerns, and response to global environmental changes. It is typically tied to the prospects of the major cereal crops (129) . Intensified agriculture, with increased levels of farm management, is generally more capable of responses to global climate change than smallholder production (107) . The influence of fixed or sunk investments on farmlevel decision making is primarily a positive contribution toward social-environmental resilience in the context of global change. It can, however, hinder adaptive capacity if it slows adoption of resilience-enhancing practices under particular circumstances. Focus on food supply and concerns over food security can potentially help frame agricultural intensification among land users and their societies and agroecosystems (including biological diversity in agriculture) as ethical and justice issues. This new framing would potentially resemble vulnerability assessments of resource users under global climate change (100, 120, 124) . Indeed food sustainability and security issues have become cornerstones of major new policy initiatives, such as the Global Nutrition Strategy in sub-Saharan Africa, that place emphasis on biological diversity in the production and consumption of local agricultural goods (138) .
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Much is at stake for biological diversity in future trajectories of agricultural intensification. On the one hand, use of multiple useful species in space (intercropping) and time (crop rotation and cover crops), as well as agroforestry, are potentially promising elements of enhancing nutrient efficiency and carbon storage in agricultural intensification (31, 98) . Existing trajectories of agricultural intensification suggest complex, nonlinear relations to biological diversity (13, 17, 41, 78, 139, 140) . At the level of farmer varieties and local breeds, for example, certain intensification pathways have produced shifts to single types in field monocultures, whereas the significant ecological richness and widespread biogeographic occurrence of high-agrobiodiversity types are characteristic of the community, landscape, and regional scales. Agricultural intensification also provides a means of potentially expanded nonagricultural protected areas and programs, such as reduced deforestation and reforestation programs [i.e., reduction of emissions from deforestation and forest degradation (REDD)] (7, 141, 142) . This pathway, which posits trade-offs, would favor outcomes of nonfarm biodiversity conservation and ecosystem services (2) and presumably supply biofuels and other nonfood products. On the other hand, intensification changes must be seen in general and in numerous case studies as significantly increasing the use of agrochemicals and water resources, as well as of new crops, cultivars, and livestock breeds, with a corresponding reduction of biological diversity in agriculture (30, p. 504; 137) .
Other distinct pathways of agricultural change also exert regionally important impacts. Such locale-specific changes include the local or regional formation of agricultural cooperatives or, conversely, a general disintensification trend, propelled through regional, national, and global integration of market factors (24, 136, 143) . Variants of the latter trend include deagrarianization (complete abandonment of agriculture) and "repeasantization" (increased subsistence growing with market integration). Repeasantization in particular has become somewhat common in marginal rural environments, including those comprising probable global hot spots of biological diversity in agriculture. These sorts of changes demonstrate complex relations. For example, agricultural disintensification can undermine or enable biological diversity in agriculture by either eroding the productive capacity needed for farmer variety and breed production or, alternatively, by reducing landuse pressure and improving agroecosystem quality. Furthermore, trends of locale-specific disintensification tend to be closely linked through global integration of market factors (e.g., labor, land, products, resources) to regions of agricultural intensification.
Technology Change
Innovation, diffusion, and adoption of new technologies, along with corresponding knowledge systems, are central to the impacts and influence of biological diversity in agriculture. Seed varieties and livestock breeds are cornerstones of modern technological change. Influential too are myriad production, processing, transportation, communication, and related market and consumption technologies, impacting directly on food and land use and, by extension, on biological diversity in these agroecosystems. Technological change in modern crops and livestock types, scientifically produced and promoted, was a vanguard of the global Green Revolution, along with input and marketing technologies that impacted biological diversity in agriculture at levels ranging from farmer varieties to agroecosystems (19) . Present-day biotechnology plays a major role in projections of adaptation to and mitigation of global change (103, 129, 144) . Still this technological adoption may worsen the risk of food shortages and contribute to food crises among the world's poorer people, particularly in rural areas (144) , whereas valuation of the biological diversity in their agriculture raises the hypothetical possibility of benefits under increased biotechnology adoption (101) . Possible transgene diffusion has fueled analysis of gene flow (145) , including new findings on its unexpected commonness among certain wild and cultivated crop populations (65) . Farm management practices often determine the outcomes of technological change, including the potential spread of introgressed crop types that could contain transgenes (66) . In the case of transgenic risks to the biological diversity of maize in Mexico, the potential impact of transgenic types is influenced through farmer-based seed selection and management (146, 147) . Other factors include probable low initial rates of transgene occurrence, possible lack of phenotypic expression, and spatial-environmental sampling effects (148) . Changing technologies and interactions with biological diversity in agriculture are subject to the powerful roles of policy and institutions, particularly those with increased influence at the global scale.
Global Policy and Institutions
Globalization is also represented in legal instruments, policy guidelines, and institutional developments. This global change is primarily positive, albeit muted in overall impact on both the biological diversity in agriculture and the potential capacities for its use in adaptation and mitigation of global change. The 1992 Convention on Biological Diversity (CBD), especially Agenda 21, along with the 1996 Conference of Parties, has provided an important international legal framework that may be applied to on-farm conservation (149) . This application is nominal, however, for a variety of reasons involving the agreement's scientific and policy frameworks (42, 150) . With implementation on June 29, 2004 , the International Treaty on Plant Genetic Resources for Food and Agriculture, especially Article 6, was designed to ensure sustainable use of these resources (15) . Although global in scope, the treaty's effectiveness is partial to date (151) . The 2002 Cartagena Biosafety Protocol was designed to ensure assessment of transgenic risks and protection of biological diversity (145) . Still the socioeconomic issues of intellectual property rights, and particularly the policies and patents on seeds related to modern and CBD: Convention on Biological Diversity transgenic types, probably exert more impact (67) . Reactive national proprietary rights-based restriction of access to farmer varieties and local breeds also is argued to hinder the fuller use of biological diversity in agriculture (151) (152) (153) .
Global organizations fashion socialenvironmental change promoting the biological diversity of agriculture. (138) , as are a large number of international agencies, NGOs, and foundations. The growing success of these global organizations includes a large number of local and regional NGOs and projects worldwide, involving many community groups and social movements of poorer farmers who are more socially and environmentally vulnerable and whose incomes and food production and security can benefit from conserving and enhancing biological diversity in their agroecosystems (e.g., 6, 10, 19, 24, 40, 78, 83, 93, 96, 121, 127) .
CONSERVATION ASSESSMENT AND MONITORING
Conservation and sustainability are central to the present and future roles of the biological diversity of agriculture in the context of global change. Significant advances have occurred in www.annualreviews.org • Agrobiodiversity and Global Changeboth ex situ and in situ approaches as applied worldwide to conservation and sustainable use. Still, substantial reduction, local loss (extirpation), and extinction have occurred. There remains a long way to go in developing a suitable set of monitoring approaches and in further improving and better integrating biological diversity of agriculture into conservation and sustainability designs. Developing these capacities is made especially urgent and vitally necessary by global change that is both underway and projected.
Conservation and Sustainability
Conservation of biological diversity in agriculture, both the planned and associated components, is a major goal in developing effective and sustainable responses to global change. Farmer crop varieties and livestock breeds are seen to hold value as genetic resources and breeding stocks for both on-farm and off-farm uses: (a) on-farm for environmental adaptation and adaptive capacity, food production, and various cultural purposes (17, 19, 39-41, 71, 73, 74, 78, 151, 154) ; (b) on-farm ecosystem services (2, 16, 42) ; and (c) off-farm breeding and scientific "improvement" programs (14, 54, 140, 144, 152) . These varieties and breeds are targeted in expanding global conservation efforts that have evolved from storage repositories (ex situ conservation) and allied breeding facilities to a dual strategy combining the potential for local breeding and accessible storage with continued on-farm production (in situ conservation) (71, 149, (151) (152) (153) . Significant evidence of the latter includes extensive de facto continuation of the use of farmer varieties and breeds in complex agroecosystems worldwide (19, 39, 41, 54, 83, 86, 94, 155) .
Principal approaches aimed toward the goal of in situ conservation are actively engaged with issues of global change that include land use, climate, and economic systems and with attempts to leverage the use of global agreements and policies of global organizations (such as the 1992 CBD). This conservation is dynamic in enabling continued evolution of farmer varieties and breeds as an integral part of coupled human-environmental systems in the context of environmental stressors. Both participatory plant breeding and seed systems, for example, feature the role of farmers and farmer groups, such as community-based organizations, in the design, evaluation, selection, and dissemination of existing or new farmer varieties and local breeds (32, 40, 152, (156) (157) (158) (159) . These approaches are being promoted globally as effective means of improving food security. One main rationale for capitalizing on local agrobiodiversity is to respond to environmental variation that is both spatial (such as heterogeneity of farmland) and temporal (climate fluctuations and change). The perspective of genetic resources is integral to these approaches, with insights from conservation and landscape genetics on multiscale and in situ versus ex situ partitioning of biological diversity (53, 160) . Related interest is centered on farmer varieties and breeds as agrobiodiversityconserving elements of local responses to market conditions and policies within the context of global social-environmental change (85) . Conserving the planned component in situ and the associated agroecosystem functions depends on farmers taking advantage of adequate admixtures of income generation, risk reduction, adequate consumption qualities, and environmental adaptation and resilience.
The associated component of biological diversity in agroecosystems is equally vital to successful conservation and use in response to global change. Various management approaches figure prominently in this component. Protected area conservation has undergone extensive global expansion leading to unprecedented interactions with and importance to agricultural landscapes, and vice versa (76, 154) . Although still aimed principally at protection of wild biodiversity, it also places increased emphasis on ecosystem management and adaptation to climate change in these strategies. Protected area conservation similarly is of increased importance to the conservation and sustainable use of numerous WCR and the wild relatives of domesticated animals (154, 161) . Low-intensity land use and agriculture can be integral to conservation management, as in the case of perennial maize (Zea diploperennis) in the Sierra de Manantlán Biosphere Reserve, Mexico. Water management, which is subject to sizeable expansion in response to climate change, exhibits a growing reliance on small-and mesoscale irrigation (112, 116) and thus new opportunities for incorporating biological diversity in agriculture (78) . Management support of agroecosystem services, potentially through payment-for-environmental-service projects, is an important opportunity for contributing to conservation of the associated components of biological diversity of agriculture (2, 16, 42) .
Reduction, Loss, and Extinction
Reduced ecological well-being of planned components, principally farmer varieties and local breeds of domesticated animals, is a principal indicator of the local or regional loss (extirpation) and extinction of biological diversity in agriculture through the process of genetic erosion. Overall loss of genetic diversity may be as high as 75% during the past century, and continued decline is posing a significant risk of global proportions (162) . Still, rates of genetic erosion appear to have slowed, at least in certain crop complexes and regions. For example, the estimated annual rates of genetic erosion of wheat landraces in Italy fell from 13.2% beginning in the 1920s to 0.48% to 4% in the 1990s (68) . Although the spatial coverage of modern varieties is extensive, the pace of adoption appears to be lessening and is checked by high transaction costs among other factors (163, 164) . Partial persistence of farmer varieties and landraces (86) , and presumably local breeds as well, benefits also from values quantifiable as "shadow prices," undervalued in current markets (37) . The varietal replacement model of genetic erosion, which was once adhered to nearly universally among scientific researchers and policy experts, is now seen as comprising only one of the pathways of genetic erosion (163) . Urbanization and industrialization, as well as changes under intensification combined with disintensification effects, often serve as the most potent forces displacing and undermining production at present (86) . Larger spans of time and geography underscore the severity of historical reduction, local-and region-scale extirpation, and even the biological extinction of taxa (162, 165) . Local and regional losses may incur significant social and cultural disempowerment among certain groups of producers, such as indigenous and peasant women, and this risk has continued to grow (90) . At the same time, public perceptions among both experts and citizens at national levels are relatively uncertain with respect to the overall nature of the risk of genetic erosion and thus weaken the potential of policies building upon the precautionary principle (166) .
Reduced levels are also evident in associated components of agroecosystem biological diversity and function. This reduction at the agroecosystem level is a consequence of technological change; market integration (products, labor, inputs); the use of hybrid germplasm, modern scientific varieties, and industrial breeds; and agricultural modernization policies, institutions, and projects (13) . Soils, for example, show the drop-off of functional biodiversity as a result of organic matter loss and shifts to agrochemical inputs. In general, the focus of conservation policy and practical studies has shifted from threats-common in well-known studies of the 1970s and 1980s-to a subsequent and ongoing emphasis on persistence, resilience, and flexibility applied in particular to farmer varieties, landraces, and breeds.
Monitoring
Monitoring approaches and methods have been developed for assessment of the conservation status and capacity for response to global changes in both planned and associated components of the biological diversity of agriculture. Procedures have been designed to compare diachronic estimates and measure the loss rate of the number of farmer varieties and local breeds in a wide range of places that are located in www.annualreviews.org • Agrobiodiversity and Global Changeand near global concentrations of agricultural biological diversity (39, 41, 68, 86, 94, 95, 155) . Innovative techniques are being used to estimate past genetic erosion based on comparisons across present-day taxonomic groups within high-agrobiodiversity crop and livestock complexes, especially varieties and stock that are referred to as traditional and creolized varieties (34) . Scientific research, together with conservation and development analysis, has also generated benchmark information on associated biological diversity in agroecosystems worldwide (61, 72, 85, 91) . Innovation of monitoring activities is responding to pressures to demonstrate compliance with policy agreements, such as the CBD (162) .
Design of local evaluations-which could become incorporated into monitoring-is being scaled up to larger areas as a focus of recent global comparisons (91) . Scaling-up is also a priority in the monitoring of adaptive capacities responding to global change. A proposed global network of in situ conservation sites incorporates monitoring information on biological diversity in agriculture (principally at the level of farmer varieties and local breeds) allied to support of adaptive responses to global change (151) . Interest has grown also in monitoring approaches designed for the associated component of biological diversity in agroecosystems. Proposed methods include the development of rapid biodiversity assessment for agroecosystems and analysis of landscape structure and functioning (73, 74) . The latter criteria suggest use of analytic frameworks combining GIS and imagery techniques along with possible integration of the LCS and LUCC approaches (1, 78) . These techniques and methodologies are currently foundations of multiscale studies, suggesting the promise of new monitoring efforts aimed at biological diversity in agroecosystems (78, 81, 82, 162) .
CONCLUSION
Biological diversity of agriculture, which is composed of multiple analytic levels and management scales, is subject to increased interactions with global change. The latter encompasses global land use and climate changes, as well as broad-based social-environmental changes (globalization of agricultural development, market integration, and technological change, as well as regulation through global treaties, policies, and institutional networks). While the biological diversity of agriculture is impacted through these changes, it also exerts influences. To understand these multidirectional interactions and changes, it is necessary to consider the linkages across factors and processes associated with four conceptual areas. These nodes, as they are described above, are biological diversity in agriculture; global change; management and scale; and socialenvironmental adaptation, vulnerability, and resilience.
Both promise and peril are characteristic of the coupled interactions of the biological diversity of agriculture and global change. Relations to global change factors-from land use and climate to social-environmental globalization, technology, and policy-are complex, nonlinear, recursive, and multidirectional, and also frequently bear unintended consequences. Significant numbers of current interactions can be identified as either positive or negative for the fate of biological diversity in agriculture. Global land use and climate change propel scientific breeding to place a premium on the biological diversity of farmer seed, animal stock, and agroecosystems to produce modern varieties, breeds, and intensive production capabilities adapted to changing environments. A series of relatively new and still incompletely implemented global treaties and policy agreements now support biological diversity in agriculture. Global integration of certain economic markets for products, investments, and labor, combined with cultural and social trends, has driven the expansion of organic agriculture and local food movements, offering advantages for biological diversity in agriculture (albeit with conditions imposing important limitations). Furthermore, an impressive number and scope of global organizations have become active in supporting and seeking to conserve biological diversity in agriculture through an unprecedented growth in global assessments, monitoring, and coordination. Indeed, these institutions with explicitly global missions have generated interest, inspiration, and awareness in addition to policy guidelines, scientific analysis, and the growing contribution of publications (16, 42, 43, 85) .
The reality of formidable threat also confronts the biological diversity of agriculture, along with the users of these resources, who are faced with global changes. Various interactions are resulting in the reduction of agroecosystem complexity, loss of farmer varieties and local breeds, and the likelihood of worsening global change impacts. Global land use and climate change drivers, in addition to market integration and demographic factors, are increasing agricultural intensification. Predominant pathways of intensification lead to loss of biological diversity in agriculture. For instance, widespread intensified agriculture, based primarily on a new generation of cereal crops along with high-input farming systems, is likely to precipitate major losses to existing agroecosystems. At the level of farmer varieties and local breeds, such losses are likely not to occur principally through the process of replacement, once the predominant model of genetic erosion, but rather through land-use change in the marginal environments of the tropics and subtropics that comprise a majority of the hypothesized global hot spots of biological diversity in agriculture. Agricultural disintensification, locally common amid globalization, is complex and multidirectional. It may either support or erode a prospective contribution of the biological diversity of agriculture to sustainability in the context of future global change. Specific policies are needed for bolstering adaptive capacities and resilience of marginal farmers, their communities, and other local institutions along with their biodiversity, agroecosystems, and food security. Supporting policies and governance initiatives must anticipate the impacts and opportunities of dynamic land use and global change involving the increased multiscale integration of combined agricultural intensification and disintensification.
SUMMARY POINTS
1. The biological diversity of agriculture is coupled via bidirectional interaction as impact process and influential conditioner of global change.
2. Global change related to the biological diversity of agriculture is composed of global land use and climate changes together with broad social-environmental changes (globalization of agricultural development, market integration, technological change, and regulation through global treaties, policies, and institutional networks).
3. Interaction of the biological diversity of agriculture with processes of global change occurs through the strongly mediating influences of management, scale, social-environmental adaptation, adaptive capacity, vulnerability, and the resilience of farmers and land users.
4. Global change poses steep challenges and the prospect of significant negative impacts on the biological diversity of agriculture. Sustainable use and successful conservation depend on global policies, institutions, and politics capable of fully addressing agriculture and food issues as well as incorporating them in broadly defined development and sustainability.
5. Crosscutting relations exist between the biological diversity of agriculture involving principal analytic levels and major management scales (field, farm, community, multicommunity, landscape and region, country) and aggregated effects at international and global scales.
6. The focus of policy and practical studies has shifted from identifying threats to the current emphasis on persistence, resilience, and flexibility in farmer varieties, landraces, and breeds and the importance of complex social-environmental and spatial dynamics of agroecosystems and landscapes.
7. Policies are needed for building the adaptive capacities and resilience of marginal farmers and their communities, utilizing the biodiversity of their agroecosystems to enhance food security amid agricultural intensification and disintensification, acting either alone or in regionally integrated combinations.
8. Key to scientific and policy analysis of biological diversity in agriculture interacting with global change is a framework of concepts across four areas: biological diversity in agriculture; global change processes; farm and land-use management and scale; and social-environmental adaptation, vulnerability, and resilience.
FUTURE ISSUES
1. What are the impacts and adaptive capacity of biological diversity in agriculture in relation to global change-driven agricultural intensification?
2. What are the impacts and adaptive capacity of biological diversity in agriculture in relation to expanding water resource management in responses to global change?
3. What are the impacts and adaptive capacity of biological diversity in small-scale agriculture and land use amid expanding pest and nutrient management associated with global change policies?
4. It is important to develop case studies of the biological diversity of agriculture amid the increased integration of agricultural intensification and disintensification as a result of links among geographic areas and production and management factors (including labor, capital, and food and environmental policy).
5. It is necessary to improve the analytical and monitoring capacity of land change science and land-use-cover change approaches and their methods applied to biological diversity in agriculture.
6. How does the biological diversity of agriculture relate to capacities and thresholds of adaptive capacity, vulnerability, and resilience in landscapes and regions representing global hot spots of biological diversity of agriculture?
7. Develop and test alternative or modified models of biodiversity loss and conservation in agriculture that investigate the relations of development and policies, e.g., the impacts of payment-for-environment-service and protected-area with sustainable-use approaches to conservation.
DISCLOSURE STATEMENT
The author is not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the objectivity of this review.
